A B S T R A C T Acute renal failure (ARF) in rats is associated with increased amino acid release from peripheral tissues and insulin resistance. To study whether abnormal protein and carbohydrate metabolism are linked in ARF, the effects of insulin on net muscle protein degradation (T) and on glucose uptake were measured in the perfused hindquarters of paired ARF and sham-operated (SO) rats. The basal rate of T increased 40% after 24 and 98% after 48 h of ARF. Insulin was less effective in decreasing T in ARF (-79% SO vs. -22% ARF 24 h and -64% SO vs. -23% ARF 48 h; P < 0.01). Protein synthesis (PS) and protein degradation (PD) were measured independently in incubated epitrochlearis muscles; the increase in T after 24 h of ARF was due specifically to increased PD, while PS was unchanged. At this stage, insulin was less effective in decreasing PD in ARF (-10% ARF vs. -23% SO; P < 0.02), although PS responded normally. After 48 h of ARF, the further increment in T was caused by the additional appearance of depressed basal and insulin-stimulated PS. This was confirmed in the perfused hindquarter (26±3 ARF vs. 38±3 SO, basal; 54±5 ARF vs. 73±7 SO, insulin-stimulated, nmol phenylalanine/g per h; P < 0.05).
INTRODUCTION
Acute renal failure (ARF)' leads to a constellation of metabolic abnormalities by mechanisms that are poorly understood. For example, in experimental animals with ARF, there is increased hepatic production of glucose and urea (1) (2) (3) (4) , resistance to insulin-stimulated glucose and amino acid uptake by muscle (5, 6 ) and accelerated release of amino acids from peripheral tissues in situ and in vitro (4) . Since insulin affects muscle metabolism in normal animals by increasing the rate of protein synthesis and decreasing the rate of protein degradation (7) , it seemed possible that the metabolic abnormalities of acute uremia could be linked to an abnormal response to insulin. It would be important to determine whether muscle protein turnover is abnormal in ARF and whether it responds abnormally to insulin, since excessive net protein degradation would expand further the accumulated waste products derived from protein catabolism.
Although changes in the components of muscle pro-tein turnover and their response to insulin have not been documented in acutely uremic rats, Garber (8) reported that protein turnover in incubated epitrochlearis muscles of chronically uremic rats was less responsive to insulin than it was in muscles from control rats. In those experiments, the basal rates of release of the major gluconeogenic and ureagenic precursors, alanine and glutamine, were higher from muscles of uremic rats than from control rats, even though their release could be more readily suppressed by incubating with insulin. However, the regulation of protein turnover in ARF may be quite different from that in chronic uremia because muscle uptake of glucose and amino acids is insensitive to insulin in acutely uremic rats (5, 6) .
In the present study, we sought to determine the responsiveness of skeletal muscle from acutely uremic rats to insulin. Thus, we measured the effects of insulin on glucose uptake and on net protein degradation in the isolated, perfused hindquarter from rats with acute uremia at different stages of severity. Because the perfused hindquarter is composed of several tissues besides muscle (9) , the components of protein turnover also were assessed in incubated epitrochlearis muscles from rats of comparable age to confirm that abnormalities uncovered in the hindquarter also were present in muscle.
METHODS
Animals. Male Sprague-Dawley rats weighing 180-220 g (Charles River Breeding Laboratories, Inc., Wilmington, MA) were maintained on a 12-h-light/12-h-dark cycle for at least 3 d before being studied. They were allowed to drink water ad lib. and were fed RMH 1000 chow (Agway Country Foods, Agway Inc., Syracuse, NY) containing 14% protein until -4 h before they underwent sham operation (SO) or bilateral ureteral ligation to produce ARF. Adult rats were used in all studies because muscle protein degradation scarcely changes when they are starved 48 h (10) (11) (12) , whereas it changes markedly in immature rats after only short periods of starvation. Therefore, changes in protein degradation observed in rats with ARF would not be confused with changes caused by starvation. Animals were paired by weight and randomly assigned to undergo bilateral ligation (ARF) or SO after anesthesia with 5 mg i.p./100 g body wt of sodium pentobarbitol. After surgery, rats were placed in individual wire-bottomed cages to prevent coprophagia and were deprived of food and water for periods of either [20] [21] [22] [23] [24] (15) . In experiments assessing the effects of insulin, 500 MuU/ml insulin were added after the equilibration period (7, 16) .
The experiments were planned so that the hindquarter from an ARF rat was perfused simultaneously with the previously paired SO (4) .
In separate experiments, net flux of glucose into muscle glycogen was determined as described by Richter et (28-32 mg) in adult rats is comparable to that of soleus and extensor digitorum longus muscles of immature rats. In contrast to these latter muscles, the epitrochlearis has a large surface relative to its weight (17) and therefore, there is more equal diffusion of substrates, a critical factor necessary for assessing the components of protein turnover in vitro (18) . The epitrochlearis contains -10-15% slow-twitch, red; 20% fasttwitch, red; and 65% fast-twitch, white muscle fibers (17) .
In previous studies, we had found that rates of protein synthesis and degradation in the epitrochlearis of fed and starved rats are quite similar to those measured by the perfused hindquarter technique (19) .
After the rats were anesthetized, the muscles were dissected free, blotted, weighed, and placed in a flask containing 3 ml of Krebs-Henseleit bicarbonate buffer, 10 (12) . In experiments with incubated epitrochlearis muscle, total protein degradation was measured by incubating with 0.5 mM cycloheximide (10, 19) and calculating the rate of release of tyrosine into the incubation media during the 2-h experimental period.
Analytic procedures. Phenylalanine and tyrosine were measured fluorometrically (21) (22) (23) ; lactate, alanine, and urea were measured by enzymatic assays as previously described (4) (26) .
During measurement of serum insulin concentrations by radioimmunoassay (27) , several of the samples were observed to form a gel. Since gel formation would interfere with the radioimmunoassay, subsequent samples were mixed with polyethylene glycol (28) Statistical differences in results were tested by analysis of variance (29) , except for changes in protein synthesis and degradation induced by insulin, the effects of insulin on the rate of alanine release from the perfused hindquarter, and changes in net muscle glycogen synthesis during perfusion.
These results were examined by the t test. Table I shows initial weights, changes in weight, and values of arterial pH and blood chemistries for rats with ARF and for SO control rats fasted for 24 and 48 h after surgery. Weight loss by SO rats was significantly greater than that of ARF rats. This presumably was due to the difference in fluid excretion of the two groups. As expected, the concentrations of urea and creatinine was increased significantly in the uremic rats. After 48 h, the arterial blood pH was slightly lower in ARF rats and plasma potassium was significantly higher than in SO rats. The concentrations of serum glucose of ARF rats was not different statistically from that of SO rats after 24 or 48 h of fasting. The serum insulin concentrations also were not different statistically, presumably because insulin secretion was not stimulated and possibly because the kidneys retained some ability to degrade insulin.
RESULTS
The content of ATP and creatine phosphate measured in freeze-clamped gastrocnemius muscle obtained in situ from four fed, anesthetized rats were 4 The results are expressed as mean±SEM from experiments using at least six rats. The change induced by insulin was significant (P < 0.001). P < 0.01, compared with results from SO rats.
I P < 0.02, compared with results from SO rats.
rates of muscle protein synthesis in ARF and SO rats after 24 h were comparable, but the basal rate of protein degradation in uremic muscles was significantly higher than in SO muscles (P < 0.025). Insulin stimulated protein synthesis similarly in ARF and SO muscles after 24 h. In contrast, insulin was less effective in suppressing protein degradation in ARF, lowering it only 10% while inducing a 23% decrease in SO muscle (P < 0.02). After 48 h, the basal rate of protein synthesis was lower (P < 0.005) and the basal rate of protein degradation remained higher (P < 0.025) in muscles from ARF rats. At this more advanced stage of ARF, insulin induced a similar percentage increase in the rate of muscle protein synthesis in both ARF and SO muscles. However, the absolute rates of both basal and insulinstimulated protein synthesis were lower in muscles from ARF rats (P < 0.02). At 48 h, muscle protein degradation measured in the presence of insulin was significantly higher in ARF rats compared with SO rats (P < 0.01). Fig. 2 shows the effects of incremental doses of insulin on the rate of protein synthesis in incubated epitrochlearis muscles. This figure indicates that there was resistance to the anabolic effects of insulin after 48 h of ARF (30) . At every level of insulin, protein synthesis was higher in muscles of the control rats.
To confirm the development of defective muscle protein synthesis in ARF, the perfused hindquarter was studied. After 48 h, basal protein synthesis (26±3 ARF vs. 38±3 SO, nmol phenylalanine incorporated/ g per h) was 30% lower in perfused muscle from ARF rats (Fig. 3) . With insulin, protein synthesis was stimulated to a similar degree in perfused hindquarters of both SO and ARF rats, but once again the absolute rate (54±5 ARF vs. 73±7 SO nmol phenylalanine/g per h) was 25% lower in ARF (P < 0.05). was 33% less (P < 0.001) than that measured in SO rats. At 48 h after surgery, basal glucose uptake by the hindquarters of ARF and SO rats was similar and higher than at 24 h. However, the same pattern was found; the increase in glucose uptake by the hindquarter during stimulation by insulin was 44% less (P < 0.02) in ARF rats compared with SO rats. During perfusion of hindquarters of uremic rats, the basal rate of lactate release at 24 h was -25% greater than that of the SO rats, although this difference was not different statistically. By 48 h, the basal rate of lactate release was -36% higher in ARF rats compared with SO rats (P < 0.005). Thus, as uremia progressed, the basal lactate release increased 43%. This could not be accounted for by fasting alone, since the increase in lactate release measured after 48 h of starvation of SO rats was only 30%. Addition of insulin after 24 and 48 h increased lactate release above basal rates by a comparable percentage in both groups of rats, but it always was higher in ARF rats (Table IV) . Thus, lactate release from peripheral tissues was increased after 24 and 48 h of uremia both in the presence and absence of insulin.
The ratio of lactate release to glucose uptake (L/R) was calculated as an estimate of the efficiency of glucose utilization. In the basal state, it was 18% higher from the hindquarters of ARF rats after 24 h and was 39% higher (P < 0.005) after 48 h compared with SO rats. The addition of insulin significantly reduced L/ R in SO rats after both 24 (43%; P < 0.005) and 48 (38%; P < 0.02) h. However, in ARF rats, insulin did not have a significant effect on this ratio.
To examine the other major metabolite released during anaerobic metabolism of glucose, we measured the efflux of alanine from perfused hindquarters after 48 h. Previously, we found that the basal rate of alanine release was 854±18 from ARF and 736±24 nmol/g per h from SO rats (4) . In the present experiments, addition of insulin to the perfusate decreased alanine release to 145±15 nmol/g per h during perfusion of SO rats (P < 0.005). In contrast, alanine release by hindquarters of ARF rats perfused with insulin was significantly higher (557±26 nmol/g per h; P < 0.005). Thus, in ARF, basal lactate and alanine release were higher and less responsive to the effects of insulin.
To examine the effects of ARF on glycogen synthesis in muscle, we measured the rate of incorporation of glucose into the glycogen of several muscles of the perfused hindquarter (Table V) . The basal rate of net glycogen synthesis in ARF was lower in each of the four muscles sampled, although the differences were not significant statistically. When insulin was added, The results are expressed as mean±SEM from eight to 12 perfusions of SO and ARF rats. Insulin did not suppress the L/R significantly after 24 h of ARF but altered it slightly at 48 h (P < 0.05). In contrast, insulin effectively suppressed the ratio at 24 (P < 0.005) and 48 (P < 0.02) h in SO rats. P < 0.05, compared with results obtained during perfusion of SO rats.
I P < 0.01, compared with results obtained during perfusion of SO rats.
Muscle Protein Turnover and Glucose Uptake in Rats with Acute Uremia The results (mean±SEM) of four paired perfusions in the absence and of eight perfusions in the presence (plus insulin) of 0.05 mU/ml insulin are presented. P < 0.01, compared with muscles from SO rats.
t P < 0.05, compared with muscles from SO rats.
glucose flux into glycogen was significantly lower in all but the slow-twitch, red soleus muscle of ARF rats.
The observations that ARF caused the concurrent development of partial resistance both to insulin-mediated glucose metabolism and to insulin-mediated suppression of net protein degradation suggested that these defects might be related. Therefore, the rate of net tyrosine release was compared with the lactate release/glucose uptake ratio in individual experiments performed with and without insulin at 48 h after surgery. As shown in Fig. 4 Fig. 3 ). Clearly, these changes in muscle protein turnover could account for the increased release of amino acids from the hindquarters of acutely uremic rats we noted previously (4 (32) . This presumes that futile cycling of glucose, entry into the pentose phosphate shunt, and the intracellular accumulation of glycolytic metabolites are minimal in muscle from fasted rats (33) (34) (35) (36) .
After 48 h, we found that in ARF the basal rate of lactate released could account for -47% of the glucose taken up and that insulin did not change this proportion (38%) significantly. In contrast, the basal efflux of lactate from control hindquarters accounted for only 33% of the glucose taken up and was reduced to 20% (P < 0.05) by insulin. Since alanine release also was suppressed to a greater extent by insulin in SO compared with ARF rats, it must be concluded that the ability of insulin to direct the disposal of glucose into more preferable metabolic pathways such as oxidative metabolism or glycogen synthesis (32) was reduced.
Since oxidative metabolism represents <5% of total glucose disposal by the perfused hindquarter of fasted rats (36) , it would appear most likely that a block in glycogen deposition develops in acute uremia. This conclusion is supported by the results in Table V . Net glycogen synthesis clearly was lower in muscles of ARF compared with SO rats. Thus, after 24 h of ARF, three defects in insulin-responsive muscle metabolism were observed: there was a reduced effect of insulin on proteolysis, insulin-induced glucose uptake was diminished, and the ability of insulin to reduce the proportional release of lactate was decreased. These persisted through 48 h of acute uremia. After 48 h of ARF, in both the perfused hindquarter (Fig. 3 ) and incubated muscle (Fig. 2, Table III ), basal and insulin-stimulated muscle protein synthesis were reduced. Since insulin was able to increase protein synthesis in ARF and in SO muscle by a similar percentage, the sensitivity to insulin apparently was not impaired. In fact, no significant difference in the halfmaximal stimulation of protein synthesis in muscles from SO and ARF rats could be detected (Fig. 2) . On the other hand, the rate of protein synthesis in uremic muscles was lower at each level of insulin tested, indicating clearly the presence of insulin resistance (30) . Although starvation can reduce the capacity for protein synthesis (11) , the present results indicate that ARF induces an additional, presumably postreceptor, defect in insulin-stimulated muscle protein synthesis. The appearance of this additional defect presumably accounts for the further increase in net tyrosine release by the perfused hindquarters of ARF rats after 48 h, compared with that occurring after 24 h (Table II) .
There have been few reported studies examining the components of muscle protein turnover in rats with ARF. 48 h after bilateral nephrectomy, Shear (37) injected ['4Cjleucine into rats and found that incorporation of the label into muscle protein was reduced; rates of muscle protein catabolism and net protein turnover were not reported. Differences in the rates of uptake and of metabolism of leucine also were not reported. Since alterations in either of these could affect the intracellular specific radioactivity of leucine and hence the rate of incorporation of the label into muscle protein (18) , it is unclear whether this finding was due solely to decreased protein synthesis.
Apparently, muscle protein degradation is increased in immature (90 g) rats after 24 h of ARF, while muscle protein synthesis is unaffected (38) . In that preliminary report, since the effects of insulin and 48 h of ARF on rates of muscle protein synthesis and degradation were not included, it is unknown whether immature rats with ARF also develop progressive defects in muscle protein turnover. Flugel-Link et al. (39) , using the hemicorpus perfusion technique, found that in the absence of insulin the rate of muscle protein synthesis of starved, adult rats 30 h after bilateral nephrectomy was -33% lower than in SO rats, but the difference was not significant statistically. On the other hand, net protein degradation was increased significantly by -37%. From these reports (38, 39) and the present data, the initial abnormality in muscle protein turnover induced by ARF appears to be accelerated protein degradation.
The concurrent appearance of defects in the responsiveness of glucose metabolism and muscle protein turnover to insulin in ARF suggests that abnormal regulation of muscle protein turnover may be a consequence of defective glucose utilization. This is supported by the relationship shown in Fig. 4 , in which inefficient glucose utilization was found to be correlated with increased net protein degradation. First, net protein degradation may have increased because energy extraction from glucose was restricted, necessitating energy extraction from amino acids (and especially branched-chain amino acids; 40). Another potential explanation would be that a change in the redox state of muscle caused a secondary change in the rate of net protein degradation. Tischler (41) and Heddon and Buse (42) have suggested that a decrease in the cytoplasmic NADH/NAD ratio is associated with an increase in the net rate of muscle protein degradation. In the present study, the increased proportional efflux of lactate from muscle compared with the uptake of glucose could have lowered the NADH/NAD ratio and, according to this hypothesis, could have caused a net increase in proteolysis.
Clearly, the correlation we found (Fig. 4) 
